Repeated psychosocial or restraint stress causes atrophy of apical dendrites in CA3 pyramidal neurons of the hippocampus, accompanied by specific cognitive deficits in spatial learning and memory. Excitatory amino acids mediate this atrophy together with adrenal steroids and the neurotransmitter serotonin. Because the mossy fibers from dentate granule neurons provide a major excitatory input to the CA3 proximal apical dendrites, we measured ultrastructural parameters associated with the mossy fiber-CA3 synapses in control and 21-day restraint-stressed rats in an effort to find additional morphological consequences of stress that could help elucidate the underlying anatomical as well as cellular and molecular mechanisms. Although mossy fiber terminals of control rats were packed with small, clear synaptic vesicles, terminals from stressed animals showed a marked rearrangement of vesicles, with more densely packed clusters localized in the vicinity of active zones. Moreover, compared with controls, restraint stress increased the area of the mossy fiber terminal occupied by mitochondrial profiles and consequently, a larger, localized energy-generating capacity. A single stress session did not produce these changes either immediately after or the next day following the restraint session. These findings provide a morphological marker of the effects of chronic stress on the hippocampus that points to possible underlying neuroanatomical as well as cellular and molecular mechanisms for the ability of repeated stress to cause structural changes within the hippocampus.
The hippocampus is a target for adrenal steroids that provides a model for studying neurobiological consequences of stress (1) . The human hippocampus undergoes atrophy in the aftermath of traumatic stress (2, 3) , recurrent depression (4), and Cushing's syndrome (5) as well as in some aging individuals (6) . Prolonged psychosocial stress in monkeys is associated with loss of hippocampal neurons (7) , whereas repeated psychosocial stress in a primitive primate, the tree shrew, and in rats causes hippocampal CA3 pyramidal neurons to undergo dendritic atrophy (8, 9) .
A similar structural change is observed in rats subjected to a chronic repeated restraint stress paradigm. After 21 days of daily restraint stress, CA3 pyramidal neurons show a decrease in apical dendritic branching and total dendritic length, whereas basal dendrites remain unchanged (10) . This highly specific atrophy, which results in deficits in spatial learning and memory (11, 12) , is prevented by inhibiting glucocorticoids secretion or by interfering with excitatory amino acid neurotransmission (13) and by enhancing serotonin reuptake (14) . Psychosocial stress-induced CA3 apical dendritic atrophy in the tree shrew was also shown to be dependent on excitatory amino acids (8) .
The proximal segments of apical dendrites of CA3 pyramidal neurons are covered with complex spines or excrescences that receive mossy fiber input from granule neurons of the dentate gyrus (15) . The dentate gyrus-CA3 pathway provides the major excitatory afferent to the hippocampal regio inferior, by using glutamate as its major neurotransmitter (16) . CA3 pyramidal neurons have recurrent projections that excite other CA3 neurons (17, 18) ; moreover, neurons in the region CA3c closest to the hilus send some projections back to the dentate gyrus, providing another recurrent feedback loop (17) (18) (19) (20) ; together, these pathways provide a means of exciting bursting activity, known as SPW (sharp waves) in the CA3 region (21) (22) (23) . These findings suggested that a key to understanding the atrophy of apical dendrites of CA3 neurons might lie in identifying plasticity within the mossy fiber terminals (MFT) themselves. To learn more directly whether the mossy fiber synapses are involved in the response to chronic stress, we examined the ultrastructure of the MFT in stratum lucidum of control and 21-day restraint-stressed animals and quantitatively evaluated morphological parameters of the mossy fiber-CA3 interaction.
MATERIALS AND METHODS
Experimental Animals. Adult male Sprague-Dawley rats (CD strain) weighing 250-300 g at the beginning of the experiment were housed in groups of three with ad libitum access to food and water. Animals were maintained in a temperature-controlled room, with a light͞dark cycle of 12͞12 h (lights on at 0700 h) and were handled daily for 1 week before being randomly assigned to experimental groups. Experiments were performed during the light period of the cycle and were conducted in accordance with the principles and procedures of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Control animals (n ϭ 7) were left undisturbed, and stressed animals (n ϭ 7) were subjected to daily restraint stress for 3 weeks in a separate room of the same animal facility. The sessions consisted of 6 h͞day (10 a.m. to 4 p.m.) restraint of the rats in wire mesh restrainers secured at the head and tail ends with clips. Two additional control groups (n ϭ 5 each) were subjected to a single restraint stress session. During the restraint sessions the rats were placed in their home cages.
Electron Microscopy. On day 22 control and chronically restrained rats were anesthetized with Metofane (PitmanMoore, Mundelein, IL) and transcardially perfused with 100 ml of saline followed by 200 ml of a fixative containing 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Rats subjected to a single stress session were perfused either as soon as they were removed from the restrainers or the next day. Two hours after the perfusions, brains were removed from the skulls and stored in the fixative solution overnight at 4°C. Coronal sections (100 m thick) through the dorsal hippocampus were cut on a Vibratome and washed in several changes of PB. For electron microscopy, the sections were rinsed twice in PB and postfixed in 2% osmium tetroxide in PB for 2 h, rinsed again in PB, and partially dehydrated through an ascending series of ethanol concentrations (50% and 70%). Sections were stained with 2% uranyl acetate in 70% ethanol for 4 h, rinsed in 70% ethanol, and further dehydrated with 95% and 100% ethanol. Ethanol was then replaced with propylen oxide (two changes, 30 min each). Finally, six brain sections per experimental animal were flat embedded in Durcupan (Fluka). The mossy fiber termination zone (stratum lucidum) of three blocks per animal was trimmed (Fig. 1) , and ultrathin silver sections were cut on a Reichert ultramicrotome and mounted on single slot copper grids coated with formvar film. Sections were counterstained with Reynolds' lead citrate and the final preparations were examined and photographed with a Jeol 100 CX electron microscope. Photographs (10 per subject) were randomly taken from the stratum lucidum area at a primary magnification of ϫ5,400. Prints at a final magnification of ϫ13,500 were used to trace MFT as well as mitochondria, spine profiles, and area occupied by small clear vesicles. An average of 60 MFT per block per experimental animal were analyzed.
Data Analysis. The total MFT area as well as the areas occupied by mitochondria and spine profiles, and by small clear synaptic vesicles, were measured by using a Zeiss Interactive Digitizing System. Because the majority of MFT contained mitochondria and were perforated by CA3 spine profiles, the net mossy fiber area was derived by subtracting the mitochondrial and the spine areas from the total MFT area. Only few MFT contained no mitochondria and were not invaginated by spine profiles. In the latter case the total and net MFT areas were the same. Finally, the number of mitochondria and spine profiles per MFT was also counted.
Synaptic vesicle density was estimated positioning an unbiased counting frame of known area (0.2 cm 2 ) at the coordinates of a quadratic lattice superimposed on the micrographs containing the MFT. Vesicles were counted in the area of the terminals not associated with mitochondria or spines. Because mossy fibers from chronically stressed animals showed vesicles concentrated in clusters, the counting was performed within the limits of those aggregations because virtually no vesicles were found outside the boundaries of the clusters. The number of synaptic vesicles per unit area was adjusted to consider section thickness and lost caps by using a variation of Floderus's equation (24):
In this equation, N v is the number of vesicles per unit volume, N A is the number of vesicles counted per unit area, and t is the average thickness of the ultrathin sections that was estimated by using the minimal fold technique (25) . A mean section thickness of 65 nm was found. To estimate D, the mean vesicle diameter, a total of 10 MFT were randomly selected per experimental animal and the diameters of 50 vesicles per MFT was measured from prints at a final magnification of ϫ30,000. No significant stress effect was observed and the mean vesicle diameter was estimated to be 45 nm. Finally, h is a correction for lost caps (estimated to be 10% of the mean vesicle diameter).
Each variable was averaged across MFT to obtain a single mean value per animal and two-tailed unpaired Student's t test was applied to assess statistical significance.
RESULTS

Repeated Restraint Stress Induces Ultrastructural
Changes in Hippocampal MFT. In accordance with previous descriptions (15, 26) , the stratum lucidum of the hippocampus of unstressed rats contains unmyelinated mossy fibers with abundant boutons en passant (Fig. 2) . At the ultrastructural level, the endings of these axons form the characteristic MFT ( Fig. 3 A-C), containing numerous peripherally located mitochondria usually associated in groups. The net profile area of the terminals (minus mitochondria and spine profile areas) is tightly packed with small clear vesicles (40-50 nm in diameter) and contains only a few large dense core vesicles (70-150 nm in diameter). Giant spines or excrescences (see Fig. 2 ) from CA3 pyramidal neurons protrude into the MFT, and they establish multiple asymmetric synaptic contacts. A different type of membrane specialization that is nonsynaptic in nature because of its lack of association with synaptic vesicles [puncta (13) . DG, dentate gyrus, SO, stratum oriens, SP, stratum pyramidale, SL, stratum lucidum, SR stratum radiatum.
adherentia (27) ] is also found between the mossy fiber boutons and the CA3 apical dendritic shafts (Fig. 3) .
In chronically stressed animals, an altered synaptic vesicle distribution pattern was observed along with an apparent depletion of vesicles. Compared with controls, the MFT of stressed animals were characterized by the presence of small clear vesicle clusters confined to restricted areas of the boutons. Most of the synaptic vesicle clusters were found in the vicinity of active zones (Fig. 3 D-F) . Rats subjected to a single restraint stress that were killed either immediately after or the next day following the restraint session showed no differences in the ultrastructure of their MFT compared with control animals (Table 1) . Moreover, we previously did not find any atrophy in CA3 apical dendrites after a single restraint stress (11) .
Quantitative Morphology. As shown in Table 1 , the quantitative morphology of the postsynaptic elements of the MFT showed that the area occupied by spine profiles as well as the number of spine head profiles per MFT profile was not altered by repeated restraint stress. Moreover, the average total cross-sectional area of MFT in controls was similar to that in restraint stressed rats. Likewise, stress did not affect the number of mitochondrial profiles per MFT bouton (Table 1) . However, the total area occupied by mitochondrial profiles was increased after the stress paradigm (P Ͻ 0.001, two-tailed unpaired Student's t test). This result implies that the mitochondria were somewhat larger, on average, in MFT of stressed rats.
Moreover, stressed animals showed a significantly decreased area occupied by small clear vesicles (P Ͻ 0.01, two-tailed unpaired Student's t test). In control animals, the area occupied by vesicles represented 99% of the net MFT area, whereas in stressed animals, only 36% of the net MFT area was occupied with vesicles.
The quantitation of vesicle density (no. of vesicles͞m 3 ) revealed that stressed rats showed a higher packing density of synaptic vesicles within the regions in which they are clustered (Fig. 4 , P Ͻ 0.001, two-tailed unpaired Student's t test) compared with controls. Thus, although repeated stress causes a reduction in the area occupied by synaptic vesicles of around 60%, the increased packing density of the remained vesicles results in a net decrease in vesicles on the order of 40% (i.e., 16,984.16 Ϯ 2,100.01 vesicles per mossy fiber profile in controls vs. 10,647.13 Ϯ 999.34 in stressed rats, on average).
To determine whether the chronic restraint stress paradigm induced a change in the average length of active zones per terminal profile, we measured the percentage of MFT profile perimeter occupied by active zones. No significant differences were found between control and restraintstressed rats (Table 1) .
DISCUSSION
Repeated daily stress over 3 weeks induces a striking reorganization within MFT that involves the rearrangement of clear synaptic vesicles in the vicinity of the active zones between the mossy fiber boutons and the complex spines of CA3 pyramidal neurons. The stress-induced ultrastructural rearrangements were restricted to the presynaptic compartment of the MFT-CA3 pyramidal neuron synapse because no changes were observed in either the area occupied by, or the number of complex spine profiles embedded within, the mossy fiber boutons. A repeated stressful challenge is essential for the induction of MFT synaptic vesicle reorganization and clustering, just as it is required to cause atrophy of apical dendrites of CA3 pyramidal neurons, because we found that a single session of restraint stress failed to reorganize the synaptic apparatus of MFT or cause CA3 apical dendritic atrophy either immediately after or 1 day following the stress session. These findings provide a morphological marker of the effects of chronic stress on the hippocampus that points to underlying neuroanatomical as well as cellular and molecular mechanisms for the ability of repeated stress to cause structural changes within the hippocampus.
Neuroanatomical Relationships Between Morphological Changes Produced by Stress and Seizures. Not only the MFT but their postsynaptic elements, the CA3 pyramidal neurons, are selectively targeted by repeated restraint stress. We previously reported that the apical dendritic tree of CA3 pyramidal neurons in rats and tree shrews, primitive primates, undergoes a decrease in the complexity of the branching of dendrites after chronic restraint stress and psychosocial stress (8, 13) . Because the MFT reside on the proximal regions of the apical dendrites and are not reduced in number by chronic stress, the reduced number of CA3 apical dendritic branch points and total dendritic length observed in Golgiimpregnated material of repeatedly stressed rats and tree shrews might be interpreted as an adaptation to limit the enhanced excitatory input from recurrent axonal collaterals that are known to project from neighboring CA3 pyramidal neurons (17, 18) . Not only is there a recurrent excitatory input between CA3 pyramidal neurons that can be activated by the mossy fiber system, pyramidal neurons in subregion CA3c that lies closest to the hilus send excitatory axons back to the dentate gyrus itself (see Introduction). Such a feedback loop can presumably reactivate the mossy fiber system and sustain CA3 excitation, as in the so-called SPW (sharp waves), and such an activation may drive the reorganization of vesicles within the MFT.
Collectively, the results from the present and previous studies support a model of mossy fiber function in which stressors such as restraint activate the release of excitatory amino acids from mossy fiber synapses and promote serotonin release and adrenal steroid secretion that synergize to enhance the efficacy of stressful events in the hippocampus. We previously showed that the CA3 apical dendritic atrophy appears to be the result of the activation of N-methyl-D-aspartate (NMDA) receptors (13) , and that this may be a reflection of the wider activation of CA3 neurons by the excitatory axon collaterals noted above as well as the recurrent activation of the mossy fiber system. The role of serotonin is less clear, but a likely mechanism may involve its ability to enhance the activity of NMDA receptors via a second messenger system (28) . As a reversible process, the atrophy or remodeling of dendrites may be caused by a depolymerization of the dendritic cytoskeleton resulting from increased intracellular calcium (29) . CA3 pyramidal neurons display a high vulnerability not only to chronic stress but also to kainic acid administration, an effect that requires the integrity of the mossy fiber pathway (30) . As in the case of chronic restraint stress, CA3 region vulnerability is mediated by endogenous glucocorticoids and excitatory amino acid receptors (13, 31) and exogenous glucocorticoids have a potentiating effect (32, 33) .
The CA3 hippocampal subregion is also damaged by epileptogenic stimulation of the perforant path, which involves the activation of the dentate gyrus-MFT-CA3 pathway (34) . Furthermore, in the epilepsy model, another parallel exists with the chronic stress model in the clustering of synaptic vesicles. It has been reported that synaptic vesicle clustering occurs in MFT of genetically prone epileptic gerbils, and this effect could be totally blocked by the disruption of the perforant pathway (35) .
Accumulating data has linked epilepsy with excessive excitatory input, resulting in morphological alterations at the synaptic level. Well-characterized animals models of epilepsy, such as kindling and genetically epileptic mice, show that sprouting of mossy fibers generating a recurrent excitatory circuit involving aberrant granule cell-granule cell synapses (36) (37) (38) . Although we have not yet tested the possibility of mossy fiber sprouting after repeated restraint stress, other characteristics of the CA3 pyramidal cells connections such as their numerous recurrent collaterals and feedback to the dentate gyrus itself (see above and Introduction) could account for an amplification of the excitatory input, and therefore, for their extreme sensitivity to the stress paradigm.
The Cellular and Molecular Dynamics of Synaptic Vesicles in Excitatory Nerve Terminals. The synaptic vesicle reorganization in MFT provides insights into possible cellular and molecular mechanisms of the effects of stress and stress mediators. MFT produce large amplitude miniature excitatory postsynaptic currents (39) and show a robust long-term potentiation (40) . Neurotransmitter release occurs at discrete active zones containing readily releasable pools of synaptic vesicles; this process requires fusion of vesicles with the presynaptic plasma membrane, and this membrane is retrieved and recycled for subsequent transmitter release (41) . In MFT from stressed rats, the redistribution of vesicles that we found and their localization near the active zones suggest that more vesicles are available for glutamate release. This notion is based on the idea that more vesicles from the reserve pool become competent to fuse with the presynaptic membrane and empty their contents by being released from the cytoskeletal matrix, although this possibility must be tested directly by electrophysiology and microdialysis.
Within the presynaptic compartment, synaptic vesicleassociated phosphoproteins play a key role in regulating the efficiency of the neurotransmitter release from the nerve terminal. In particular, synapsin I, in its dephosphorylated state, keeps the pool of ''reserve'' synaptic vesicles anchored to the nerve terminal cytoskeleton. Upon cell activation, Ca 2ϩ ͞ calmodulin-dependent protein kinase II mediates the phosphorylation of synapsin I, and the reserve pool of vesicles is freed from the cytoskeletal matrix, becoming available for neurotransmitter release (42) (43) (44) (45) .
In the adult rodent brain, high levels of synapsin I protein and mRNA levels are present in the hippocampal MFT zone and granule cell neurons, respectively (46, 47) . It is possible that the effect of repeated stress to cause clustering of vesicles close to the active zones could involve an increased expression of phosphorylated synapsin I. In fact, increases in synapsin I phosphorylation that correlate with enhanced neurotransmitter release have been observed in the hippocampus and parietal cortex of rats subjected to septal kindling, a model of synaptic plasticity that involves an increase in synaptic efficiency in response to repetitive local stimulations (48) . Although changes in the levels of phosphorylated synapsin I seem to influence the ultrastructure of the presynaptic synaptic apparatus and, as a consequence, the efficiency of neurotransmitter release, brains of mice lacking the synapsin I gene show smaller MFT and a significant reduction in the number of synaptic vesicles that are not clustered but dispersed throughout the terminal (49) .
Alternative Views of Synaptic Vesicle Rearrangement After Repeated Stress. Because the synaptic vesicle recycling process is essential for the maintenance of a sustained neurotransmitter release in response to a repetitive stimulus, it could be argued that, rather than an increase in the efficiency of the neurotransmission, the relative depletion of clear synaptic vesicles within the MFT of chronically stressed animals could reflect a state of exhaustion, possibly caused by saturation of the recycling mechanism. In other words, the repetitive stimulation of MFT might result in reduced vesicle availability, so that the release of glutamate would become rate limiting.
This possibility seems unlikely for several reasons. First, in unpublished experiments, we observed that MFT of rats subjected to longer periods of daily restraint stress (namely, 5 weeks instead of the 3 weeks employed in the present work) show a similar vesicle clustering pattern after both durations of stress as well as an even greater apical dendritic atrophy of CA3 neurons at 5 weeks vs. 3 weeks, indicating a further progression of the atrophy process (A.M.M. and B.S.M., unpublished data). We note that MFT are equipped with a strikingly large reservoir of synaptic vesicles that could account for the ability of these terminals to readily respond to repetitive chronic stimuli and maintain that response. Second, the MFT area occupied by mitochondrial profiles is significantly increased after chronic stress, suggesting greater energy availability. Dynamic changes in mitochondrial volume have been shown to correlate with changes in cellular energy demands (50, 51) .
Further evidence supports the hypothesis that stress may be increasing the efficiency of MFT glutamate release. Restraint stress is known to activate the release of excitatory amino acids in the hippocampus (52, 53) , and this release is dependent, at least in part, on glucocorticoids because adrenalectomized animals show a reduced stress-induced excitatory amino acid release in the hippocampus (53) (54) (55) . Furthermore, adrenal steroids regulate expression of the presynaptic kainate autoreceptor on mossy fiber terminals (56, 57) , an effect that may enhance the positive feedback of glutamate release upon itself (58) .
In conclusion, the application of repeated daily stress to adult male rats over 3 weeks results in a reorganization of the distribution of synaptic vesicles accompanied by both an increased packing density and a net depletion of vesicles. This finding provides a potentially informative endpoint for the effects of chronic stress on hippocampal morphology. Moreover, the association of synaptic vesicle clusters with active synaptic zones, packed more densely together, along with the increased terminal volume occupied by mitochondria, suggests as an interpretation that the mossy fiber synapses of repeatedly stressed animals may be more efficient. According to this interpretation, atrophy of dendrites would be a compensatory reaction to the elevated excitatory amino acid release. Future studies will be directed to address this hypothesis.
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